Abstract: We present a metallic helical nanocone, which is a combination of a helical structure and a conic structure. Surface plasmon poloritons are excited at the boundary of the bottom of the helical nanocone, then guided and rotated by the groove provide by the helical structure on the nanocone, and finally, squeezed to the apex of the tip to form a highly localized strong electromagnetic field. The intensity distributions and polarization of the electric fields generated by the metallic helical nanocone are simulated with 3-D finitedifference time-domain method, which indicate that highly confined and hybridly polarized optical fields can be produced at the apex of the metallic helical nanocone.
Introduction
The key problem of nano-optics is how to effectively delivery, concentrate and control the optical radiation energy at nanometer length scales, which is very important for the improvement of the resolution and sensitivity in nano-sensing, nano-imaging, nano-spectroscopy, nano-manipulation and nano-lithography [1] - [5] . By using various metallic nanostructures, such as nanosphere chains [6] , cylindrical nanowires [7] , nanogaps [8] , nanowedges [9] , nanogrooves [10] , nanopyramides [11] and nanocones [12] - [17] , the incident optical energy can be converted, guided and concentrated as strongly localized surface plasmon-polariton (SPP) modes to form highly confined nanofocusing, which breaks the diffraction limit and is called as nano-plasmonics. Compared with other metallic nanostructures, a metallic nanocone can convert the incident light into SPPs on the boundary of the nanocone bottom, which propagate and compress adiabatically to the apex to achieve the threedimensional nanofocusing at the apex with stronger local field enhancement. In order to overcome the momentum mismatch of launching SPPs onto the metallic nanocones, metallic gratings [18] - [20] and a photonic crystal cavity [5] , [21] have been used to localize and couple SPPs on the conic tips.
On the other hand, planar spiral plasmonic lens have been presented and demonstrated to focus surface plasmon polaritons to a point of several hundred nanometers with a relatively large longitudinal component in the far field [22] - [27] . A probe that integrates a planar spiral plasmonic lens and a sharp cone has also been presented to achieve high field enhancement [28] .
Here, we present a metallic helical nanocone (MHNC), which is a three-dimensional combination of the helical structure and conic structure. SPPs are expected to be excited at the boundary of the bottom of the helical nanocone, then guided by the groove provided by the helical structure on the nanocone and finally squeezed to the apex of the tip to form highly localized strong electro-magnetic field with hybrid polarization. The conic structure provides a sharp apex for high nanofocusing and the helical structure is used for tuning the polarization state of the electro-magnetic field.
Structure and Electromagnetic Simulation Model
The illustration of the MHNC is shown in Fig. 1 . The structural function of the MHNC can be expressed as:
where hð; Þ is the height distribution of the MHNC in a cylindrical coordinate, h 0 is an initialized height, 0 R, 0 2, R is the total radius of the bottom of the structure, a and b are modulation factors, which can be used to tune the components of the conic and helical structures. The electromagnetic (EM) field distributions of the beam generated by the MHNC are calculated with three-dimensional finite-difference time domain (FDTD) method [29] when the MHNC is illuminated by a normal incident radially polarized light. The electric field of the radially polarized light is perpendicular to the bottom boundary of the MHNC and provides a more satisfying condition for SPPs excitation, compared with linear and angular polarization incidences. For theoretical simulations, the cylindrical coordinate is changed to Cartesian coordinate by using the transformations: x ¼ Á cos and y ¼ Á sin. The structural parameters of the MHNC are firstly initialized as follows: h 0 ¼ 200 nm, R ¼ 400 nm and the wavelength of the incident light is inc ¼ 800 nm. The metallic substrate of the MHNC is chosen as silver. We use Drude model to analytically describe the silver dielectric permittivity [30] , which is taken as " m ¼ À30:1495 þ 0:3932i at inc ¼ 800 nm. The mesh size is 5 nm and perfectly matched layers are used as simulation boundaries.
Nanofocusing and Polarization Tuning by Changing Conic and Helical Components
The maximum intensity of the total electric field jE j 2 max , the corresponding radial component jE r j 2 and the longitudinal component along z axis jE z j 2 at the apex of the MHNC are calculated and normalized to the intensity of the incident electric field, respectively, by modulating a and b, which are listed in Table 1 . When we fix the conic structure with a ¼ 1 and only expand the helical structure by increasing b from 1 to 4, the maximum intensity of the total electric field just increases 44.86% while the total height of the MHNC has been increased from 400 nm to about 1000 nm. Under such conditions, the longitudinal component of the electric field takes more than 70% of the total electric field. Comparatively, when we fix the helical structure with b ¼ 1 and only expand the helical structure by increasing a from 1 to 4, the maximum intensity of the total electric field greatly increases 9.49 folds. But the longitudinal component of the electric field just takes more than 52% of the total electric field. Therefore, the conic structure plays a more important part for the electric field focusing while the helical structure plays a key role for the longitudinal component of the electric field.
At the same time, by increasing the sum of a þ b, the total height of the MHNC is increased and the MHNC becomes sharper, which results in larger electric field at the apex. But when b ¼ 1 and a 9 3, although the intensity of the filed can be further improved, the total height of the MHNC will be quite long, which not only results in increased dissipation but also makes it more difficult to fabricate the MHNC. Therefore, for the practical applications, we can choose a ¼ 3 and b ¼ 1 because it can provide an intensity enhancement of more than 10 4 . In order to reveal the propagation, compression and rotation of the surface plasmon along the MHNC, the intensity distributions of the electric filed and the directional distributions of the electric fields for the MHNC with a ¼ 3 and b ¼ 1 are shown in Fig. 2 . The total intensity distributions of the surface plasmon in xz and yz planes are shown in Fig. 2(a) and (b) , respectively. The energy of the surface plasmon is mainly propagated to the apex along the grooves on the surface of the MHNC and finally it is compressed to the apex to form a focused asymmetrical beam with a maximum intensity of 10985 a.u. at x ¼ 10, y ¼ 0, z ¼ 780 nm. The total intensity distribution of the surface plasmon in xy plane at z ¼ 780 nm is shown in Fig. 2(c) . The full widths at half-maximum (FWHM) of the focused spot along x and y axis are both 10 nm. The intensity distributions of jE x j 2 þ jE z j 2 in xz plane at y ¼ 0, jE y j 2 þjE z j 2 in yz plane at x ¼ 10 nm and jE r j 2 ¼ jE x j 2 þjE y j 2 in xy plane at z ¼ 780 nm around the apex of the MHNC and the direction distributions (indicated by the arrowheads) of the The intensities of the electric field of the beam generated by various silver helical nanocones with different modulating parameters a and b when they are illuminated with radially polarized wave at the wavelength of 800 nm. jE j 2 max , jE j 2 r and jE j 2 z indicate the maximum intensity of the total electric field, the corresponding radial component and longitudinal component, respectively. The unit of the intensities of the electric fields is a.u, which is normalized to the intensity of the incident electric field corresponding electric fields are shown in Fig. 2(d) , (e) and (f), respectively. The electric fields are hybridly polarized, which are rotated by the helical structure of the MHNC. The directions of the electric fields point from the center to outside because they are rotated two times by the MHNC along the surface from the bottom boundary to the apex, which can be seen form Fig. 2(a) and (b) .
Correspondingly, the intensity distributions of the electric fields and the direction distributions of the electric fields for the MHNC with a ¼ 1 and b ¼ 3 are shown in Fig. 3 . The maximum total electric intensity occurs at the point of x ¼ 20, y ¼ 0, z ¼ 780 nm and the FWHMs of the focused spot along x and y axis at z ¼ 780 nm are 25 nm and 10 nm, respectively. The electric distributions are more asymmetric than that generated by the MHNC with a ¼ 3 and b ¼ 1. It should be noted that the direction of the electric fields point from outside to the center because the electric fields are rotated three times. On the other hand, from the sectional views of the MHNC, we can see that the MHNC with a ¼ 3 and b ¼ 1 is much sharper than the MHNC with a ¼ 1 and b ¼ 3. Therefore, the MHNC with a ¼ 3 and b ¼ 1 can generate a much more highly focused beam.
To make a comparison, the intensity distributions of the electric filed and the directional distributions of the electric fields for the metallic nanocone with a ¼ 4 and b ¼ 0 are shown in Fig. 4 . The axially symmetric focused electric fields are generated by the silver nanocone. The FWHMs of focused spot at the apex along x and y axis are both 15 nm, and the maximum total electric intensity of 3499 a.u. that normalized to the intensity of the incident electric field occurs at the point of x ¼ 0, y ¼ 0, z ¼ 795 nm. The longitudinal component of the electric field takes 54.61% of the total electric field. The direction of the electric fields points from the center to outside. Fig. 2 . The intensity distributions and direction distributions of the electric fields generated by the silver helical nanocone with a ¼ 3 and b ¼ 1 (a) jE j 2 in xz plane, (b) jE j 2 in yz plane, (c) jE j 2 in xy plane at z ¼ 780 nm, (d) the intensity distribution and direction distribution of jE x j 2 þ jE z j 2 in xz plane, (e) the intensity distribution and direction distribution of jE y j 2 þ jE z j 2 in yz plane and (f) the intensity distribution and direction distribution of jE r j 2 in xy plane at z ¼ 780 nm.
Theoretical Analysis and Discussions
If a G b, according to the structure equation, when h ah 0 , the cross sectional boundary ðÞ of the MHNC can be deduced as:
and the cross sectional area AðhÞ of the MHNC can be expressed as:
When ah 0 G h G bh 0 , ðÞ is: Fig. 3 . The intensity distributions and direction distributions of the electric fields generated by the silver helical nanocone with a ¼ 1 and b ¼ 3 (a) jE j 2 in xz plane, (b) jE j 2 in yz plane, (c) jE j 2 in xy plane at z ¼ 780 nm, (d) the intensity distribution and direction distribution of jE x j 2 þ jE z j 2 in xz plane, (e) the intensity distribution and direction distribution of jE y j 2 þ jE z j 2 in yz plane and (f) the intensity distribution and direction distribution of jE r j 2 in xy plane at z ¼ 780 nm.
and AðhÞ can be written as:
When h ! bh 0 , ðÞ is:
and AðhÞ is: Fig. 4 . The intensity distributions and direction distributions of the electric fields generated by the silver nanocone with a ¼ 4 and b ¼ 0 (a) jE j 2 in xz plane, (b) jE j 2 in yz plane, (c) jE j 2 in xy plane at z ¼ 795 nm, (d) the intensity distribution and direction distribution of jE x j 2 þ jE z j 2 in xz plane, (e) the intensity distribution and direction distribution of jE y j 2 þ jE z j 2 in yz plane and (f) the intensity distribution and direction distribution of jE r j 2 in xy plane at z ¼ 795 nm.
With the same method and calculation process, when a 9 b, the cross sectional area AðhÞ of the MHNC can be obtained as:
The cross sectional areas of the MHNCs with a ¼ 1, b ¼ 3 and a ¼ 3, b ¼ 1 and the metallic nanocone with a ¼ 4, b ¼ 0 are plotted and shown in Fig. 5 . Near the apex of the structures, when h 9 423:6 nm, the sectional area of the MHNC with a ¼ 3 and b ¼ 1 is smaller than that of the metallic nanocone and that of the MHNC with a ¼ 3 and b ¼ 1. For instance, at h ¼ 649:4 nm, the sectional area of the MHNC with a ¼ 3 and b ¼ 1 is 55.39% less than that of the metallic nanocone and 66.63% less than that of the MHNC with a ¼ 1 and b ¼ 3, which means that the MHNC with a ¼ 3 and b ¼ 1 is sharper than the metallic nanocone and therefore we can obtain tighter nanofocusing by using the MHNC with a ¼ 3 and b ¼ 1.
The initial directions of the electric fields of the incident radially polarized beam point from the center to outside of the bottom of the structures of the MHNC and the metallic nanocone. Such directions shall be rotated along the surface of the metallic structures when the surface plasmons propagate from the bottom to the apex in xz plane or yz plane. If we express the propagating path length of the surface plasmon from the bottom to the apex as l, the rotated times N rz of the electric fields can be approximately inferred by:
where spp ¼ inc ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 1þ" m =" m p [31] . For the metal of silver at inc ¼ 800 nm, " m ¼ À30:1495 þ 0:3932i, and thus spp ¼ 786:65 nm. In the longitudinal section, from the bottom to the apex, the propagating path is determined as: The propagating path length l of the surface plasmon from the bottom to the apex can be deduced as 
Conclusion
In summary, we have presented and demonstrated the metallic helical nanocone to generate highly compressed and hybridly polarized nanofocusing beam. The intensity, polarization and the direction of the nanofocusing can be controlled by tuning the proportions of the conic structure and the helical structure. A rotated electric field with the maximum enhanced intensity of 10 4 is obtained at the apex of the metallic helical nanocone with a ¼ 3 and b ¼ 1. The metallic helical nanocone can be used as a probe tip for atomic force microscope, near-field scanning optical microscope and tipenhanced Raman scattering, especially for the manipulating and sorting of nano particles.
